The existing interpretation in the lightning literature, based on field measurements, defines recoil leaders as negative leaders. However recoil leaders are floating conductors, and, based on this physical assumption, they should be defined as bipolar and bidirectional leaders. This physics-based assumption has never previously been verified experimentally. Such verification, reported in this paper, has been obtained from observations of branched upward positive leaders from a tall tower using a high-speed video system synchronized with electric and magnetic field change and luminosity measurements on the ground. The analysis of these observations clearly reveals the nature of recoil and dart leaders as bidirectional and bipolar electrodeless discharges that develop from a small region along a path of the decayed channels of a previous positive leader, or a positively charged return stroke of negative CG flashes.
Introduction
One of the most challenging issues in the physics of lightning is the interpretation of the sequence of processes that takes place in a positive leader channel or in a return stoke channel of negative cloud-to-ground flashes after current there is cutoff. This sequence of processes may lead (1) to formation of recoil or dart leaders somewhere along the traces of the decayed channel of a positive leader (or a return stroke), and (2) to recoil or dart leaders traversing remnants of the leader channel toward its origin. This origin would be either a branching point or the ground, in the case of return strokes.
This phenomenon was first identified in electric field change records, and was given the name "K-changes". K-changes were initially observed to take place during time intervals between the return strokes of negative cloud-to-ground flashes, the so-called "junction process," but were later also observed in intracloud flashes. Ogawa and Brook [9] suggested that K-changes are negative "recoil streamers" that occur when a positive J-type leader (J is for the junction stage), propagate within the cloud, and reaches a region of concentrated negative charge. This interpretation made K-changes the equivalent of "mini return strokes". By using the word "recoil," the hypothesis of Ogawa and Brook [9] tied together K-changes and the channels of the positive leaders that preceded them. Numerous mentions of this similarity between K-changes and dart leaders and other so-called "subsequent leaders", can also be found in Ref. [11] . Although the word "recoil" reflects the reality of the process, the term "streamer" misrepresents it and should be replaced by the physically-correct term "recoil leader," as suggested by Mazur [7] . The reason is that the phenomenon is a propagating discharge made of a hot plasma channel and a zone of cold streamer filaments of limited length ahead of the tip of the channel, which together constitute the developing leader process.
From the analysis of airborne records of lightning flashes initiated by an aircraft, and lightning radiation maps of intracloud flashes obtained by an interferometer [3, 4] advanced the hypothesis of Ogawa and Brook [9] by postulating (1) that negative recoil leaders (called at that time as recoil streamers) should occur and propagate along the preceding positive leader channels (a part of a bipolar and bidirectional structure of an intracloud flash), and (2) that they travel back toward their origin. The origin could be a ground structure, or a branching point of a leader. However, no direct observational evidence that would confirm the speculation in Ref. [4] about the nature of recoil leaders existed at that time.
Only with the help of high-speed video systems were we able to obtain physical evidence showing recoil leaders actually propagating along previously existing paths of positive leaders [8, 10] . The same observations confirmed that dart leaders are, in actuality, recoil leaders that reach the ground.
High-speed video observations of upward positive leaders also clearly show that recoil leaders and M-events associated with them occur only in branched positive leader channels after current cutoff in the branches [8] . The current records of negative upward leaders started from tall towers [1] show the absence of M-event current pulses, and thus, in negative leaders, the recoil leaders that produce them. The absence of recoil leaders in upward negative leaders also explains the well-known fact that the majority of positive CG flashes (their return strokes are analogous to upward negative leaders) do not have multiple return strokes, which are common in negative CG flashes.
The mechanism of a recoil leader's occurrence is still mysterious. Mazur and Ruhnke [5] proposed a rather crude model of recoil leader formation in positive leaders. The essence of the model is that, following the current cutoff, the channel of the positive leader continues its extension at the upper tip while cooling and losing conductivity at the lower tip (one closer to ground), and still maintains its residual net positive charge. Becoming a floating conductor in an ambient electric field, the leader obtains induced charges that distribute as a dipole in addition to the existing residual positive charge. The growth of dipole charges results in a growing negative charge along the decaying lower end of the channel. The process may lead to a negative electrical breakdown at the lower end of the conductive channel and to the formation of a recoil leader. This leader will propagate toward ground along a preferred path made of remnants of the decayed positive leader channel. Admittedly, this conceptual model did not address many details of the physical processes involved, leaving room for different physical explanations. Confirmation of this model has not yet been provided by any observations in nature. In this study, we are trying to unveil some features of recoil leader formation that could be essential for developing other physically-sound models of the recoil leader process.
Observational set-up
The objects of observations were upward leaders initiated from six tall TV towers located on a north-south ridge of hills, about 180 m above the surrounding terrain, in Rapid City, South Dakota (Fig. 1 ). All towers were within the field of view of high-speed video systems installed about 3 km southwest of the ridgeline.
Video recordings were conducted with two GPS-synchronized high-speed cameras: Phantom v7.1 (7200 ips) and Phantom v12.1 (54,000 ips), all manufactured by Vision Research. A network of four instrumented sites, all GPS-synchronized, was positioned in a close proximity to the towers [12] . Sensors installed at each instrumented site included modified whip antennas serving as "slow" (10 ms time constant) and "fast" (10 ms time constant) antennas for recording electric field changes, a loop antenna for recording magnetic field changes, and a light sensor. Three sites had an electric field mill for recording of the ambient electric field. Data were digitized with a sampling rate of 100 kHz.
Results
Analyzed is the case of a branched upward positive leader from Tower 1 on July 16, 2009, at about 07.23.03.100 UT. The National Lightning Detection Network (NLDN) recorded a þ153.9 kA þ CG flash at 07:23:03.0416, at a distance of 18.97 km east of Tower 1, that occurred w59 ms before the upward leader. The upward positive leader was triggered by either the return stroke (of negative polarity) of a þCG flash, or by a negative leader that followed the return stroke and passed near the tower. The wide field of view by a standard-speed video camera (see Fig. 2A ) showed a huge area of the in-cloud brightness that originated at the þCG return stroke location and spread toward Tower 1 prior to occurrence of the upward leader [12] . The electric field signatures of this þCG flash, recorded at the instrumented site nearby (station A) are shown in Fig. 2B and C.
The video image of the branched upward leader and the dE record of this event recorded at station A are depicted in Fig. 3 .
Our attention is on the process that followed the current cutoff and decay of the lower leader branch seen in Fig. 3 . This branch became invisible, even in the enhanced video image, at 197.787 ms (time is counted from 07.23.03.000). About 10 ms later, at 207.630 ms, the first visual indication of a recoil leader appeared as a point on a trace of the decayed branch. The entire sequence of recoil leader development, until its attachment to the conducting upward leader channel at the old branching point, lasted 185.2 ms, and is seen in the series of video frames in Fig. 4 .
The sequence of video images of the recoil leader in Fig. 4 , frames 1e7, clearly shows the bidirectional development of a floating channel lasting w129.64 ms, after which the only leader progression observed in frames 8e10 is toward the main leader channel. The negative electric field changes recorded at station A (Fig. 5A) are produced mainly by the negatively charged part of the recoil leader propagating toward the branching point on the trunk of the main positive leader (the origin of the previous branch), while the positively-charged part progressing in the opposite direction contributes very little to the E-field change.
Because of the simultaneous development of both parts of the bipolar leader, the E-field change sensor (see Fig. 5A ) only registers the negative field changes produced by both the negative charge approaching the main channel (the main contributor), and the positively-charged part of the bipolar leader farther away and moving away from the E-field sensor (the minor contributor). The recoil leader, by attaching to the main positive leader channel, produces an M-event, which is characterized by a surge in the upward current pulse in the leader's trunk and the attached recoil leader (see Fig. 5B ), by the positive excursion of the electric field (Fig. 5A) , and also by the renewed illumination of the new branch (Fig. 5C ) located in the exact tracing of the old branch [8] .
Discussion and conclusions
The observed features of recoil leader development have the dynamics of a bidirectional and bipolar leader on a scale smaller than that of a typical lightning leader channel, and not in virgin air, but along the remnants of a decayed positive leader channel. There are two distinct phases in the recoil leader development. During the first (initial) phase, the leader develops bidirectionally. During the second phase, propagation of the positively charged part of the recoil leader ceases when the potential difference at its tip reaches a minimum threshold, while the negatively charged part continues moving toward the branching point. Similar behavior was shown in the computer simulation of straight bidirectional leaders of cloudto-ground and intracloud flashes [6] . Such behavior occurred when the potential gradient at the tip of the positive leader became lower than that required for leader propagation (Fig. 6A ). In the same computer simulation, while the positive leader ceases its propagation and the current at its tip decreases to zero (see Fig. 6B ), the negative leader on the opposite end of the bipolar leader continues its movement toward ground, because the potential gradient at its tip is sufficiently high to support the formation of the leader's plasma channel.
The high-speed video observations and supporting records of electric and magnetic field changes presented in this paper provide the first striking evidence of a recoil leader that (1) develops from a small region of the preceding-and-now-decayed or cooled positive leader channel, and (2) propagates initially as a bidirectional and bipolar leader along the now invisible path of that leader. We were able to catch this phenomenon with a highspeed video camera, because this particular recoil leader was developing in a plane perpendicular to the viewing direction of the video camera, and also because we used a sufficiently high rate of video recording that allowed us to detect the leader's bidirectional progression. In the majority of video records of recoil leaders, which we analyzed, only the propagation of the negatively charged parts of leaders was highly visible.
Many researchers, basing their judgment on electric field change measurements, drew the conclusion about negative polarity of recoil leaders, as if they were unipolar negative leaders. The same conclusion would follow also from the analysis of the radiation source signatures of recoil leaders obtained with the time-ofarrival (TOA) lightning mapping technique. This mistake will happen because the TOA technique does not allow simultaneous processing of both the strong radiation signals from negative breakdowns and the much weaker radiation signals from positive breakdowns; the TOA system will pick up only the strongest signals of negative breakdowns.
Our finding changes the previous perception of the polarity of recoil leaders, confirms the physically-plausible interpretation of them as bidirectional and bipolar leaders, and also provides important criteria for any physical model of recoil leader formation. The observation presented here confirms once again that the bidirectional, bipolar leader concept first suggested by Heinz Kasemir [2] is the dominant physical mechanism in the development of all floating lightning leaders. , and induced charges (C) of the developing cloud-to-ground leader, from the computer simulation in Ref. [6] . Stages of bidirectional leader extension in time steps are marked with numbers 1e10. The bidirectional leader starts at an altitude of 5 km. The lower, negative leader reaches the ground, while the upper, positive leader stops earlier at an altitude of 8.5 km.
